The structural, optical and electrical properties of MeV ion implanted InP were studied as a function of annealing temperature. At high annealing temperatures, the implanted material exhibited picosecond optical responses and sheet resitivities of the order of tens of ohmsisquare. DCXRD and TEM measurements revealed distinct layers of damage resulting kom the implantation.
INTRODUCTION
Implanted and low temperature (LT) grown InP is a recent addition to the list of 111-V compounds being investigated for the fabrication of ultrafast photodetectors. Initial studies into implanted and LT-GaAs found materials with the three properties necessary for fabrication of such devices, namely good mobility, high sheet resistance and sub-picosecond optical response times [I-61. In this work, we report on our investigations into the structural modifications caused by As' implantation into semi -insulating (s-i) InP, and relate what we have found to the previously measured electrical and optical properties.
11.

EXPERIMENTAL
Semi-insulating Fe doped InP samples were implanted with 2 MeV As+ ions to a dose of 1 x 10l6 at a substrate temperature of 200°C. The implantation energy was calculated using Transport of Ions in Matter (TRIM) [7] to place the maximum damage at a depth of -1 pm fiom the surface. Rapid thermal annealing (RTA) in an AI atmosphere was then performed on the samples at 400,500,600 and 700T for 30 seconds. Carrier lifetimes in the samples were measured by time resolved photoluminescence (TrPL) with a femtosecond self-mode locked Ti:sapphire laser. The laser was tunable between 750 and 900 nm, with a pulse width of 80 fs, a repetition rate of 85 MHz and an output power of 200 mW at h= 780 nm. Hall Effect measurements were performed using the van der Pauw method. Double crystal x-ray difiactometry (DCXRD) was performed after successive etching steps in 100% HC1, in order to determine the depth responsible for different features in the rocking curves. Depths were measured using an Alphastep profilometer. Cross sectional transmission electron microscopy (XTEM) was also performed on these samples.
RESULTS AND DISCUSSION
An example of the evolution of the electrical properties of a 2 MeV As' implanted sample with increased annealing temperature, as measured by Hall effect, is illustrated in Figure I IO' cnY2 and sheet resistance R, of 3 x lo8 0,O. Implantation into S-I InF' has been associated with the creation of shallow donors, which decrease the sheet resistance and turn the semiconductor n-type; the Pantisite is considered a likely.candidate [S] . AS shown in Fig I. , R, decreases to 4 x IO5 R/D by implantation with As+, sheet carrier concentrations -10'' and the mobility is 45 cm2Vkl. Annealing at temperatures above 400°C causes a further reduction in R, to tens of ! & E due to the activation of the shallow donors, which can also be seen in the increase of N, to values > lOI3 as well as the increase of kE to -1.5 times the unimplanted value. Implantation with other elements such as P, Cia and In has yielded similar electrical behaviour as a function of annealing temperature, although with peculiarities resulting from the individual implant species [9] . Table I lists the optical lifetimes measured for samples implanted with As+, and after annealing at 600 and 700T for 30 seconds. In general, the decay times are shorter for the lower annealing temperaiures, at which the annealing of the crystal lattice should be less complete, resulting in a greater concentration of non-radiative recombination.centres. This trend of shorter decay times with lower annealing temperatures has been found for implantation with other ions also [9] . Figure 2a) shows the double crystal x-ray rocking curves of the As' ion implanted samples as a function of annealing. The periodic fringes which appear on the negative angle side of the main peak after implantation have been associated with a well defined (steep strain gradient) region of positive strain (expansion). A broad feature can also be seen on the positive angle side of the main peak, which is understood to come from a region of tensile strain possessing a gentle strain gradient. As the annealing temperature is increased, we see evidence of strain relaxation, first in the region of tensile strain, and then at 60OoC in the region responsible for the fringes. At the highest annealing temperature only the central peak remains, however it is significantly broadened with respect to that of the unimplanted sample, indicating the presence of residual defects.
It is well understood that the damage profiles caused by implantation are nonuniform, and that typically there is a region of vacancies closer to the surface of the implanted sample, while the damage has a maximum that coincides with a layer of interstitials deeper into the sample. As has been mentioned in the experimental section, implant energies were calculated in order to place the peak damage at approximately 1 pm ffom the surface. An explanation of the rocking curves depicted in Figure 2a ) is that the fringes come from the layer of interstitials located -1 pm into the sample, and the feature arising ffom tensile strain comes h m the shallower, vacancy tilled region. Figure 2b) , which shows the DCXRD spectra for the AsC implanted sample after etching with 100% HCI in successive 10 second intervals, supports this picture. The depths of each etch as measured using an Alphastep profilometer are shown in the diagram. It can be seen that the feature attributed to tensile strain is completely removed by etching 0.8 pm into the sample, while the h g e s become smoothed out by etching to a depth of 0.8-1.2 pm. Fig. 3 shows the corresponding XTEM images for the As' ion implanted samples, before and after annealing for 30 seconds at 700°C. These results also confirm our assumptions about which regions of the sample are responsible for features io the DCXRD spectra. Image a) is of an as implanted sample, and shows a thin layer of damage approximately -1 pm ffom the surface. The damage appears to consist of small clusters and loops. Defects which exist above and helow this layer are not creating enough of a strain contrast to he detected in the XTEM. Image b) shows what happens after annealing at 7OOOC for 30 seconds. The annealing process has allowed the defects to migrate both towards the surface and down into the sample. We see that the annealing allows both recrystallisation, as seen in the DCXRD results, as well as agglomeration of point defects into clusters, as shown in the Fig. 3h ). The damaged region visible in the XTEM image after annealing is approximately 1.8 pm thick and 0.6 pm helow the surface. From this investigation into the structural modifications induced into the lattice after implantation and annealing, we have confirmed that the sample has been converted into a multilayer structure, and the strain gradient between layers can he modified by the annealing temperature. Different layers of damage will have different optical and electrical properties. For example, it is likely that the region of maximum damage is also the region which contains the largest concentration of P antisites. Further studies are underway which will help identify whether the results obtained in Fig. 1 and Table I originate from a single dominant layer, or whether they represent a composite of the opticallelectrical properties of several layers in parallel.
V. CONCLUSION
X-ray and TEM measurements have confirmed a large density of defects after implantation which are arranged in layers, as expected fiom a non-uniform implant damage profile. The strain profile of these layers is modified by annealing, which allows recrystallisation and agglomeration into clusters as well as migration of the original defects. The resulting defect profile is responsible for the optical and electrical properties measured in As' ion implanted and annealed InP.
